Abstract. The SAWNUC (Sulphuric Acid Water NUCleation) microphysical aerosol nucleation model is used to study the effect of reactor walls on the interpretation of nucleation experiments with respect to nucleation theory. This work shows that loss processes, such as wall losses, influence the interpretation of nucleation experiments, especially at low growth rates and short lifetimes of freshly nucleated particles. In these cases the power dependency of the formation rates, determined at a certain particle size, with respect to H 2 SO 4 does not correspond to the approximate number of H 2 SO 4 molecules in the critical cluster as expected by the first nucleation theorem. Observed ∂ log(J )/∂ log([H 2 SO 4 ]) therefore can vary widely for identical nucleation conditions but different sink terms.
Introduction
Nucleation of aerosol particles is a frequent phenomenon in the atmosphere (Kulmala et al., 2004) . Losses of nucleating clusters and freshly formed particles to a population of preexisting particles are common to proceed in parallel to the nucleation and early growth of the freshly formed particles. Similarly, in laboratory experiments losses to the wall of the reaction vessel and the dwell time in flow tubes limit the lifetime of the newly formed particles. These artefacts cannot be avoided. used a detailed general dynamics model to correct their particle formation rates measured in chamber experiments. Kulmala et al. (2004) state that the "apparent" nucleation rate J d at a given threshold diameter d, defined as the derivative of particle concentration with respect to time, equals the "true" nucleation rate J in systems without coagulation sinks. Here, "true" denotes the nucleation rate at the critical cluster size. Kerminen and Kulmala (2002) published an approach to take losses to preexisting particles into account when correcting from measured formation rates to particle formation rates at a certain smaller diameter, usually a presumed critical diameter. Nevertheless, this approach does not include losses of clusters below the critical size, nor does it include losses to vessel walls or the limited dwell time in flow tubes. For laboratory measurements, losses to walls of large chambers are usually assumed to be comparable to losses to pre-existing particles in ambient measurements (e.g. Kirkby et al., 2011) , meaning the walls fulfil the same role as a population of large aerosol particles.
Studies on the influence of sinks on the nucleation rate have been published in the past. Becker and Reiss (1976) studied the effect of non-uniform conditions, or, to be more precise, the effect of monomers diffusing out of the region where nucleation is proceeding. McGraw and Marlow (1983) derived similar results with a different approach assuming a pre-existing aerosol concentration. Furthermore, McGraw and Marlow added an estimate under which conditions nucleation is influenced in a way that the condensation sink needs to be taken into account. McMurry et al. (2005) extended this approach and used it to determine whether new particle formation can be observed under atmospheric conditions. In this context it is important to note that the lowest detectable size of particles was then 3 nm, while recent work decreased this value to sizes well below 2 nm (see, for example, Iida et al., 2009; Wimmer et al., 2013) .
As will be shown here, these sinks can influence the interpretation of nucleation measurements with respect to the first nucleation theorem.
Gas-phase sulphuric acid (H 2 SO 4 ) is considered to be the most important component in atmospheric aerosol nucleation (Weber et al., 1999; Curtius et al., 2006) . The focus of this work is on the role of H 2 SO 4 , but the results are generally applicable to situations of aerosol nucleation with competing losses to walls or pre-existing particles. The first nucleation theorem states that the slope of log(J ) as a function of log([H 2 SO 4 ]) gives approximately the number of H 2 SO 4 molecules, n * , in the critical cluster (Kashchiev, 1982; Oxtoby and Kashchiev, 1994) . n * plays an important role for the microphysical interpretation of nucleation rate measurements. Currently, different experiments on binary nucleation yield widely varying numbers for n * in the range from 2 to 20 (see, for example, Wyslouzil et al. (1991) , Viisanen et al. (1997) , Ball et al. (1999) , Sipilä et al. (2010) , Kirkby et al. (2011) and Zollner et al. (2012) ). Zollner et al. summarise the results in an overview table. One reason for these discrepancies can be the presence of contaminant vapours that cause ternary or multi-component nucleation and lower the freeenergy barrier for nucleation, and therefore lead to a smaller observed n * . The significant influence of ammonia on nucleation rates was, for example, shown in Ball et al. (1999) and Kirkby et al. (2011) .
In nucleation experiments two different design concepts are commonly used: flow tube and chamber. The biggest difference between both designs is that chambers usually have longer dwell times than flow tubes. The gas in a chamber can be stirred; in a flow tube it is usually in a laminar flow. The dominant loss effect for particles and H 2 SO 4 in the case of the flow tube is the flow out of the reactor, resulting in an immediate stop of the nucleation and growth processes. In chamber experiments lifetimes of H 2 SO 4 are typically determined by diffusion to the wall, and are usually of the order of several minutes.
In the present paper the SAWNUC model (Sulphuric Acid Water NUCleation (Lovejoy et al., 2004) ) is used to determine the n * from simulated particle formation rates for different sizes of particles under conditions with and without wall losses present. SAWNUC is a microphysical model that describes binary aerosol nucleation and growth for neutral and ion-induced nucleation pathways of the sulphuric acid/water system. The argumentation in McGraw and Marlow (1983) and in McMurry et al. (2005) is focused on the surface area of preexisting aerosols and condensation rates of monomers. Here we will use the lifetime of freshly nucleated particles and the experimentally more easily accessible growth rate to evaluate the validity of the nucleation theorem.
This work shows that for situations where loss rates become comparable to cluster growth rates (molecules s −1 ), the slopes of the logarithm of apparent nucleation rate, log(J d ), as a function of log([H 2 SO 4 ]) do not yield the approximate number of H 2 SO 4 molecules in the critical cluster anymore. These losses can yield values of n * from the apparent nucleation rate that are much higher than the "true" n * . This situation applies for many atmospheric measurements of nucleation as well as for laboratory studies of nucleation intending to simulate atmospheric conditions (i.e. [H 2 SO 4 ] < 1 × 10 7 cm −3 and H 2 SO 4 sinks > 0.001 s −1 , Kulmala et al., 2005) .
When a significant sink is present, the nucleation rate has to be determined at the critical diameter to yield correct values of n * . A correction from an apparent nucleation rate to the "true" nucleation rate can be impeded as the critical size is not a priori known.
Methods
The SAWNUC model was used to calculate the steady-state formation rate of particles exceeding a certain diameter at constant H 2 SO 4 concentration, relative humidity and temperature. The calculation included particles up to a diameter of 3.5 nm. A particle containing i sulphuric acid molecules can undergo several processes that change the concentration [i] of that particular species of particle.( For a detailed description of processes and their rate constants see Lovejoy et al. (2004) and Kazil and Lovejoy (2007) .) Several processes change the concentration of i clusters. Besides condensation and evaporation of H 2 SO 4 molecules, these include coagulation with other charged or uncharged clusters, as well as coagulation with a fixed population of pre-existing aerosol particles and losses to reactor walls. To simulate conditions of a laboratory experiment of nucleation, the following loss term to simulate chamber walls was added to the equations of Lovejoy et al. (2004) :
(1)
Here k w i is described by
an approach already described in Metzger et al. (2010) . The diffusion coefficient D i is a function of particle diameter and temperature and calculated by the Millikan-Cunninghamcorrected Stokes-Einstein diffusion (Baron and Willeke, 2001) . The factor C is chosen to produce the lifetime of H 2 SO 4 . Note that the diffusion coefficient of Hanson and Eisele (2000) for H 2 SO 4 was not used in this calculation. The diffusion coefficient of sulphuric acid was calculated the same way as for particles, yielding a diffusion coefficient of 0.13 cm 2 s −1 , in order to have a consistent description of the size dependence rather than a consistent description of temperature dependence of H 2 SO 4 diffusion. It should be noted that losses to pre-existing particles or vessel walls are not equivalent to evaporation of sub critical clusters. The condensational sink effectively removes clusters and particles from the system, and thus is not contributing to the equilibrium before the critical cluster. This violates one of the most important assumptions of the nucleation theorem -the thermodynamic equilibrium of subcritical clusters.
For particle formation rates, J d , at different mass diameters d, the number of H 2 SO 4 molecules in the "apparent" critical cluster n * d was calculated from
It must be emphasised here that, strictly speaking, the critical cluster is given by n * = ∂ log(J d )/∂ log([H 2 SO 4 ])−1, (Ford, 1997; McGraw and Wu, 2003) , though experimental studies often neglect the correction term and use the form of Eq. (3) (e.g. Metzger et al., 2010; Sipilä et al., 2010) .
The particle formation rate represents the net flux of particles exceeding the diameter d towards larger diameters. It is therefore equivalent to a formation rate as it would be measured by a particle counter with a step function counting efficiency that starts counting at d nm. If no additional losses occur, then n * d ≈ n * . A kinetic approach to determine the critical cluster is described by Kazil and Lovejoy (2007) . In the case of this method it is assumed that the critical cluster is the smallest cluster, for which
is fulfilled. Here k e i is the rate constant of evaporation and k a i is the rate constant of sulphuric acid uptake. This approach is only valid for nucleation that is limited by a single freeenergy barrier.
In the case of additional losses (or source terms), the condition for a cluster where growth exceeds losses must be written as
On the left-hand side, an additional source term was introduced that represents production of particles due to coagulation. On the right-hand side, L c i represents losses due to coagulation, while L w i is the wall loss term described above. Under most conditions, q c i L c i +L w i , this effectively increases the size of the "apparent" critical cluster.
Simulations were done at different conditions. The temperature was set to 248 K, while the relative humidity was set to 40 %. At this temperature and relative humidity the effects of neutral and ion-induced nucleation (IIN) already overlap at intermediate H 2 SO 4 concentrations. The ion pair production rate was set to 0 or 5 ion pairs cm −3 s −1 , thus providing insight into the influence of ion-induced nucleation on the determination of n * d and hence n * . The lifetime of H 2 SO 4 with respect to the walls, i.e. (k w H 2 SO 4 ) −1 , was varied to represent different laboratory conditions. Due to similarity between wall loss and condensation sink, the results can also be transferred to atmospheric conditions. Furthermore, two eq. 4 Fig. 1 . Examples of the influence of different cut-off diameters on the interpretation of measurements of neutral particle formation rates at T = 248 K and H 2 SO 4 lifetime of 500 s. Red lines show n * d , and the blue lines show n * derived from Eq. (3). The black line shows n * from Eq. (4). The solid green line shows the "true" nucleation rate, while the dashed green line shows the formation rate of particles exceeding 1.7 nm, i.e. the apparent nucleation rate. Values for both green lines can be taken from the right axis. different free-energy surfaces were applied. In one case the original free energies (Lovejoy and Curtius, 2001; Curtius et al., 2001; Lovejoy et al., 2004) were used to determine the evaporation of particles; in another case, no evaporation was assumed, thus giving nucleation in the kinetic limit.
Results
Simulation results of n * d derived from the sensitivity of log(J d ) to log(H 2 SO 4 ) for 248 K with a H 2 SO 4 lifetime of 500 s are shown in Fig. 1 . The black line connects the integer numbers of H 2 SO 4 molecules in the neutral critical cluster derived from Eq. (4); the blue line labelled J crit shows n * derived from the slope of the logarithm of the "true" nucleation rate. The red lines labelled J d show n * d derived from formation rates of particles with mass diameter exceeding d nm. The green solid line shows the "true" nucleation rate, while the dashed green line shows the formation rate of particles with a diameter of 1.7 nm. Both rates lie close each other, and for low concentrations of H 2 SO 4 , the value is too low to be measured. In this system the effect of walls or condensational sinks has therefore only minor influence on the interpretation of nucleation experiments in terms of the first nucleation theorem. In the case of a particle counter that measures subcritical clusters, here shown for a case of 1 nm, the derived n * 1.0 is independent of the H 2 SO 4 concentration but is below the "true" n * over a wide range of [H 2 SO 4 ]. Although in this special system deviation of the derived n * d from the "true" n * occurs mainly for nucleation rates too low to be measured, it can be used to test a simple rule to estimate how far results are biased by sinks. Similar approaches can be found in the literature (McGraw and Marlow, 1983; McMurry et al., 2005) , but the description given here is more general and represents a widely applicable extension for experimental work under variable conditions. For this discussion we make use of characteristic times for the process of wall losses, i.e. the wall loss life time τ w , and the time needed for nucleated particles to grow to detectable size τ g . The lifetime in the simulation was 500 s. At [H 2 SO 4 ] = 1 × 10 8 cm −3 the deviation between the various n * d and n * is low and the growth rate is in the range of a few 10 nm h −1 (Nieminen et al., 2010) . If the nucleated particles have to grow 1 nm to be detected, then these 10 nm h −1 correspond to a τ g of about 400 s. This example illustrates that
must be fulfilled in order to use the nucleation theorem with relatively good precision. Vehkamäki et al. (2012) studied the effect of stable clusters smaller than the critical diameter on the interpretation of the nucleation theorem. This situation is given in the case of ion-induced nucleation. SAWNUC contains measured evaporation rates for negatively charged clusters (Curtius et al., 2001; Froyd and Lovejoy, 2003) , and can therefore be used to study the effect of charged clusters on the nucleation theorem. The important feature of charged nucleation is that it provides a faster route to stable aerosols. This is achieved by a lower rate of evaporation and an enhanced rate of condensation due to charge dipole interactions of the charged cluster and the condensing H 2 SO 4 (Su and Chesnavich, 1982; Yu and Turco, 1998) . After reaching a stable size, recombination with ions of opposite polarity yields stable neutral particles. The results of a simulation with an ion pair production rate of 5 ion pairs cm −3 s −1 are shown in Fig. 2 . The black line corresponds to the amount of H 2 SO 4 in the critical cluster based on neutral thermodynamics (Eq. 4). For most of the simulated particle formation rates, n * falls below the theoretically expected value for neutral nucleation at a certain H 2 SO 4 concentration. For very high concentrations of H 2 SO 4 the neutral line based on Eq. (4) and the lines derived from J i fall together. In these cases the neutral nucleation channel dominates and the contribution from the charged channel becomes insignificant. This effect can also be seen from the nucleation rate and the respective particle formation rate (green curves in Fig. 2) . J crit and J 1.7 are at low concentration of H 2 SO 4 mainly driven by ion-induced nucleation, the effect of ions decreases at [H 2 SO 4 ] ≈ 1 × 10 7 cm −3 and in the case of insignificant neutral contribution, it would reach eventually the value of the ion pair production rate (see also ). In this example the neutral nucleation starts to contribute to the total nucleation rate in the region of [H 2 SO 4 ] between 1 × 10 7 and 1 × 10 8 cm −3 , and eventually becomes the main source of particle formation. For a particle counter with a threshold diameter 1 nm, n * 1.0 lies below the actual n * eq. 4 Fig. 2 . Influence of an ion-induced nucleation channel and a sink for small particles on the interpretation of measurements of particle formation rates. The minimum in n * is around 1 × 10 7 cm −3 at 1.3. The labels and axis are the same as in Fig. 1 .
for [H 2 SO 4 ] < 1 × 10 7 cm −3 . This changes when the critical diameter for the charged channel becomes smaller with higher [H 2 SO 4 ]. Recent research implies that nucleation under atmospheric conditions can proceed at or close to the kinetic limit, especially in the case of ternary nucleation (Metzger et al., 2010; Paasonen et al., 2012) . Therefore the energy barrier in neutral nucleation was removed in SAWNUC and simulations under neutral conditions and varying concentrations of H 2 SO 4 were performed. The lifetime of H 2 SO 4 due to walls was set to 500 s as before. This gives reasonable approximation processes in ternary systems, with sulphuric acid being the vapour with the lowest concentration and therefore being the limiting species for growth and nucleation of particles. From  Fig. 3 it can be seen that in such a system, strong deviations between the "true" n * and the "apparent" n * d also exist. These are also caused by the losses of the nucleating and growing clusters to walls or, in the case of atmospheric measurements, pre-existing particles. As in previous plots, the green curves show formation rates. While J crit follows a straight line with a slope of two as expected, J 1.7 shows a strong curvature depending on the concentration of H 2 SO 4 . Even in the case of the same slope, J 1.7 does not reach the same value as J crit due to self-coagulation of nucleating particles. Self-coagulation of nucleating particles was allowed in order to have a realistic description of nucleation in a clean experimental environment.
Simulation results for n * d as function of the wall loss lifetime of H 2 SO 4 , for both 248 K and [H 2 SO 4 ] = 2.3 × 10 6 cm −3 , are shown in Fig. 4 . Labels are the same as in the previous figure, and calculations were performed with evaporation rates removed. In the case of a wall loss and an environment free of pre-existing particles, n * d from all formation rates basically match each other and n In such a system strong deviations between the "true" n * (blue line) and the "apparent" n * d (red lines) exist for the entire range of atmospherically relevant H 2 SO 4 concentrations and nucleation rates. The labels and axis are the same as in Fig. 1 . deviation in n * between the different cut-offs increases linearly with increasing particle losses, with steeper increases for higher cut-offs. The comparison between the "true" nucleation rate, J crit green solid curve, and the formation rate of particles exceeding 1.7 nm, J 1.7 green dashed curve, shows a big influence of wall losses. As mentioned above, neither green lines merge at k w = 0 due to self-coagulation of the nucleating particles. J 1.7 shows a strong dependency on the wall loss rate and can suppress nucleation significantly, thus acting similar to an energy barrier and decreasing the particle formation rate significantly.
Conclusions
In this work it was shown that losses of small particles have to be taken into account when interpreting the slopes of a log(J d ) vs. log([H 2 SO 4 ]) plot. During the discussion phase of this paper it was pointed out that an independent study coming to a similar result (Malila et al., 2013) had been submitted to the International Conference on Nucleation and Atmospheric Aerosols (ICNAA). In laboratory experiments, flow tube or chamber, nucleating particles will be lost to the walls or removed from the vessel; in atmospheric measurements these particles will be lost to pre-existing larger aerosols. But these sinks differ from reactor to reactor, and in the atmosphere, pre-existing aerosol concentration and size distribution differ with time and location. Comparing results from different experiments can therefore lead to a bias in the interpretation of the experiment when these are interpreted in terms of the first nucleation theorem. This is especially valid when the "true" size of the critical cluster is not a priori known and the interpretation has to be based on formation rates of particles exceeding a certain diameter. This bias can only be avoided when the growth rates are high enough so that the characteristic time of growing the particles is much smaller than the lifetime of the particles determined by the sink. Correcting measured formation rates to an assumed critical size can reduce this error, but assuming a critical size introduces another bias.
The situation becomes more complex in cases where another route to stable particles exists, for example ion-induced nucleation. Ternary nucleation that competes with binary nucleation is another factor that needs to be taken into account. And in even more complex cases ternary nucleation could proceed through different channels, depending on the availability and nature of condensable vapours. McGraw and Wu (2003) as well as McGraw and Zhang (2008) showed that in the case of ternary nucleation, the nucleation theorem can be applied when the sensitivity with respect to the concentration of condensing vapours is weighted by the flux. It must be noted that this approach requires that the binary and ternary nucleation rates are known and well separated; that is, the binary nucleation rate is not biased by contamination. Here it was shown that even in the simplest case of nucleation that is not limited by formation of a critical cluster interpreting the measurements in terms of the first nucleation theorem can give spurious results.
When interpreting a nucleation experiment in terms of the first nucleation theorem, the introduction of a sink appears to be similar to introducing small but significant evaporation to all clusters, although the microphysical difference between both processes remains. Therefore the results presented for this case can also be applied to nucleation without an energy barrier but with some evaporation. The condensational sink can also be seen as equivalent to a limited dwell time in a reactor. Especially flow tube reactors have typically short dwell times (e.g. Ball et al., 1999; Young et al., 2008; Zollner et al., 2012) , and are therefore similar to systems with high condensational sinks.
Our overall conclusion is that the measured power dependency of nucleation rates on H 2 SO 4 cannot be directly interpreted in terms of the number of H 2 SO 4 molecules in the critical cluster, as suggested by the first nucleation theorem. It is therefore more appropriate to interpret the thermodynamics of such systems with microphysical models such as SAWNUC. A model describing nucleation from the growing monomer has the advantage of taking processes into account which are usually ignored in classical nucleation theory.
